By means of theoretical modeling and experimental synthesis and characterization, we investigate the structural properties of amorphous Zr-Si-C. Two chemical compositions are selected, Zr 0.31 Si 0.29 C 0.40 and Zr 0.60 Si 0.33 C 0.07 . The amorphous structures are generated in the theoretical part of our work, by the stochastic quenching (SQ) method, and detailed comparison is made as regards structure and density of the experimentally synthesized films. These films are analyzed experimentally using Xray absorption spectroscopy, transmission electron microscopy and X-ray diffraction.
Introduction
Deposition of thin films from the vapor phase may lead to amorphous structures.
A group of materials which often exhibit non-crystalline structure is various transition metal-metalloid films such as Cr-C, Zr-Si, and Fe-B. [1] [2] [3] Interestingly, they are also important components in metallic glasses formed during rapid quenching from a melt, suggesting that the tendency to form amorphous structure is related to inherent properties of the elements and interactions between these elements. To obtain a more detailed understanding of the formation of amorphous structures and glasses we need to develop theoretical methods to model the structure and bonding in these non-crystalline environments. This can be achieved by e.g. molecular dynamics (MD) [4] , Monte Carlo simulation [5] , and reverse Monte Carlo simulation. [6] Unfortunately, these methods suffer from being computationally expensive or to rely on interatomic potentials with sometimes questionable accuracy. In this study we investigate another approach, namely the stochastic quenching (SQ) method, [7, 8] which combines computational efficiency and accuracy in describing the chemical interaction. In this method the atoms are placed randomly in the calculation cell, and then they are relaxed using first-principles density functional (DFT) calculations until the force on every atom is negligible. It has been shown that this way of generating amorphous structures is possible. [7, 8] However, the present investigation is the first in which a detailed comparison between experiment and the SQ theory is made in terms of structural properties, such as bond length and nearest neighbor coordination, in particular for a material with complex chemical interactions.
In this study, we have selected the Zr-Si-C system as an amorphous model system, since transition metal carbides and silicides are known to have complex chemistry, with competing metallic and covalent bonds. [9] We deposit amorphous films using magnetron sputtering from elemental targets and confirm the structure experimentally with several techniques. The choice of elements is based on several facts.
First, Zr is a well-known base element in many metallic glasses. The atom has a large radius (1.59Å), favorable for amorphous structure formation when combined with several other elements with smaller radii. [10] Second, the Zr-Si system is wellknown to produce amorphous thin films with magnetron sputtering for potential use as e.g. diffusion barriers. [3] The addition of carbon to a ternary Zr-Si-C film will create a multicomponent system with different atomic radii favorable for glass formation. [10] Also, in a ternary Zr-Si-C film a wide variety of bond types are formed (metallic Zr-Zr, and covalent Zr-C, Zr-Si and Si-C bonds), which makes it possible to create a network structure which should further favor an amorphous structure.
The potential for applications in Zr-Si-C has recently been discussed. [11] The paper is organized as follows. In Section 2, we describe the theoretical methods used in this study, and summarize the most important details of the calculations. The experimental methods are described in Section 3. The theoretical and experimental results are presented in Section 4.
Theory
The amorphous structures were generated in the theory by the stochastic quenching (SQ) method. This method is designed to describe amorphous structures in general, although there is less experience with it for complex materials with competing natures of the chemical binding. The amorphous structures are obtained by means of the following two steps of the SQ method: Firstly, the atoms are placed randomly in the calculation cell under the constraint that no pair of atoms are closer than a small value (typically 0.4Å). This constraint is required in order to avoid numerical problems in the first few steps in the calculation. Secondly, the positions are relaxed by means of a conjugate gradient method until the force on every atom is negligible.
We found that the self averaging of 150-200 atoms usually properly describes the electronic properties at the thermodynamic limit. [8, [12] [13] [14] [15] [16] In the present study we used 200 atoms for most of the calculations, and made a few calculations with 400 atoms, for comparison.
The first-principles calculations were performed by means of the projector augmented wave [17, 18] method as implemented in the Vienna ab initio simulation package (VASP). [19] [20] [21] . This method is based on DFT. [22, 23] The exchangecorrelation energy was calculated using the generalized gradient approximation with the Perdew, Burke, and Ernzerhof functional. [24] The calculations were considered converged when the potential energy difference between atomic iterations was less than 10 −5 eV/atom, and the forces on each atom were typically less than 0.005 eV/Å. A plane-wave energy cutoff of 400 eV was employed. The calculations were performed using only the Γ k-point.
Experimental
The Zr-Si-C film was deposited by non-reactive, unbalanced, DC magnetron sputtering in an ultra-high vacuum chamber (base pressure of 1*10 were cleaned using ultrasonic bath in 2-propanol and ethanol for 5 minutes each and dried with nitrogen gas. The deposition rate was 40-70Å/min depending on composition and the films for XRD, XPS and resistivity analysis was deposited with a thickness of ∼0.3 µm. The chemical composition was analyzed by XPS using a Physical Systems Quantum 2000 spectrometer with monochromatic Al Kα radiation and using sensitivity factors determined from binary reference samples of known composition. The crystallinity of the film was studied using XRD and TEM.
The XRD analysis was made using a Siemens D5000 diffractometer and Cu Kα radiation. A gracing incidence (GI) scan with an incidence angle of 1
• was used to increase the signal from the thin film in relation to the substrate. For top view TEM the sample was prepared by depositing 40 nm thin film on a NaCl substrate. The NaCl was then dissolved in distilled water after deposition releasing the deposited film, which then was put on a carbon-coated copper grid and analyzed using a JEOL JEM-2100 operated at 200 kV. For the resistivity measurements each sample was measured six times and mean value and 95% confidence interval was calculated.
The XAS measurements were performed at BM26A (Dutch-Belgian beamline "DUBBLE") [25] of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The incident energy was selected using the <111> reflection from a Spectra were analysed using the iXAFS implementation of IFEFFIT, Athena, and Artemis. [27, 28] Model data were obtained from averages of many calculations of EXAFS data obtained from local structures present in the description of the amorphous material, using the FEFF software. [29] [30] [31] 
Results and Discussion
On the experimental side, amorphous structures are typically generated by fast cooling from melts or with quenching of atoms during growth directly from the gas shows only broad, featureless rings without indication of any crystalline contribution.
TEM and XRD together confirm that both films are amorphous.
The amorphous structures were generated in the theory by the SQ method. We calculated the energies of 50 stochastic structures of both compositions studied in the experiments, at different volumes, with supercells of 200 atoms (Fig. 3) . We found an amorphous structure in all generated configurations. No partial crystallization or porosity was observed (Fig. 4) . The calculated energies at constant V show roughly a Gaussian distribution for both compositions (insets in Fig. 3 [34] ). As expected, the theoretical B of amorphous Zr-Si-C is significantly smaller than that of the crystalline carbides
We note that in amorphous materials, in contrast to crystalline materials, not only bond lengths can change upon compression, but also bond angles may vary, To demonstrate that the agreement between theory and experiment is really due to an amorphous structure, we also calculated the EXAFS spectra of some known crystalline compounds of Zr, Si, and C (Fig. 7) . In this EXAFS calculation we used the experimental crystal structures. The Debye temperatures used for these crystals were 680 K (ZrC) [38] , 495 K (ZrSi 2 ) [39] , 480 K (Zr 5 Si 3 ) [34] , and 600 K (Random alloy) [40] . The simulated EXAFS curves of these compunds do not agree at all with experiment. We also examined a case, where the calculated composition (Figs. 8 and 9 ) show short range order up to 6Å for the C bonds (Zr-C, Si-C, and C-C), and up to 7-8Å for the longer Zr-Zr, Zr-Si, and Si-Si bonds. In Table 1 (Table 2 ). Both are larger than the coordination number in hexagonal close-packed (hcp) structure (n hcp =12). Such high coordination is not unusual in amorphous structures. [42] Zr atoms are mostly coordinated by Zr atoms (Table 2 and Fig. 10a ), which may be primarily due to their high concentration. Si atoms have a slight preference to have Zr neighbours (Fig. 10b) , which is pronounced in Zr 0.60 Si 0.33 C 0.07 , where the Zr-Si coordination is more than double that of the Si-Si coordination (Table 2) , and Zr has almost ten times larger number of Si nearest neighbors than Si (see Table 3 ). Due to the small C content of amorphous Zr 0.60 Si 0.33 C 0.07 , n Zr,C , n Si,C and n C,C (defined in caption of Table 2 ) are well below one, and C atoms are mostly surrounded by Zr atoms (Fig. 10c) . As expected, the number of C-C, Si-C and Zr-C bonds is significantly larger in Zr 0.31 Si 0.29 C 0.40 (Table   3 ). Here C atoms are mostly coordinated by Zr atoms, and on the average, each of them has at least one C nearest neighbors. Figure 10 shows that the structure can be described as a network structure of metal-metal, metal-carbide and metal-silicon bonds.
To examine the electronic structure of amorphous Zr-Si-C, we calculated their electronic density of states (DOS). Figure 11 shows the calculated the electronic density of states (DOS) of the representative structure of Zr 0.60 Si 0.33 C 0.07 at the equilibrium volume. The lowest lying states at around -12 eV originate from C 2s
states, and mainly Si 3s orbitals contribute to states between -10.5 and -6 eV. The large band between -5 and 0.6 eV is built up by Zr 4d, Si 3p, and C 2p states.
We calculate a large DOS at the Fermi level (E F ) for both compositions, i.e. that amorphous Zr-Si-C has a metallic character. This is in line with experimental ob- states/eV/atom [44] ).
Conclusions
By means of the SQ method, we have generated structures for amorphous [32] b : in ZrSi 2 of Cmcm structure [45] c : in Zr 5 Si 3 of P6 3 /mcm structure [46] d : in ZrC of NaCl structure [32] e : in Si of diamond structure [32] f : in SiC of F43m structure [32] g : in diamond [32] h : in graphene [32] Figure 11 
